African tropical montane forests are facing fast and dynamic changes in land use. However, the impacts of these changes on stream water quality are understudied. This paper aims at assessing the effect of land use and physical catchment characteristics on stream water concentrations of dissolved organic carbon (DOC), total dissolved nitrogen (TDN), nitrate (NO 3 -N) and dissolved organic nitrogen (DON) in the Mau Forest, the largest tropical montane forest in Kenya. We conducted five synoptic stream water sampling campaigns at the outlets of 13-16 catchments dominated by either natural forest, smallholder agriculture or commercial tea and tree plantations. Our data show a strong effect of land use on TDN and NO 3 -N, with highest concentrations in stream water of catchments dominated by tea plantations (1.80 ± 0.50 and 1.62 ± 0.60 mg N l −1 , respectively), and lowest values in forested catchments (0.55 ± 0.15 and 0.30 ± 0.08 mg N l −1 , respectively). NO 3 -N concentration increased with stream temperature and specific discharge, but decreased with increasing catchment area. DOC concentrations increased with catchment area and precipitation and decreased with specific discharge, drainage density and topographic wetness index. Precipitation and specific discharge were also strong predictors for DON concentrations, with an additional small positive effect of tree cover. In summary, land use affects TDN and NO 3 -N Keywords: Forest Land use Dissolved organic carbon Dissolved organic nitrogen Topography Streams Science of the Total Environment 603-604 (2017) 519-532 Abbreviations: NF, natural forest; SHA, smallholder agriculture; TTP, tea and tree plantations; TWI, topographical wetness index.
H I G H L I G H T S
• Few studies on surface water quality in tropical montane forest ecosystems. • We studied effect of land use and topography on water quality in Mau Forest, Kenya. • Strong land use effect on TDN and nitrate concentrations. • Dissolved organic carbon and nitrogen controlled by catchment properties.
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Introduction
Forests are widely recognized as playing an important role in regulating stream flow and water quality (Calder, 2002) . However, the magnitude and direction of these effects are not well understood, because other factors contribute to solute concentrations in stream water. These factors include geomorphological catchment characteristics like geology, soil type and topography (Varanka et al., 2015) , but also processes such as mixing of water of different geographical and hydrological sources (Bustillo et al., 2011) , and inputs from precipitation (Billett and Cresser, 1996; Caine and Thurman, 1990) . Hydrological flow paths (Boy et al., 2008; Hagedorn et al., 2000) and the transit time of water through a catchment regulate the chemical composition of water that enters the stream through sub-surface flow (Burns et al., 2003; Yamashita et al., 2014) . During baseflow, stream water often originates from groundwater or deeper layers in the soil profile. The composition of water entering the stream will therefore most likely be determined by conditions in the soil, such as organic matter or inorganic nitrogen (N) contents, composition of the decomposer community, soil pH, moisture, temperature and the contact time between water and soil (Kalbitz et al., 2000) . Furthermore, in-stream biogeochemical processes, such as N mineralisation and nitrification, respiration of organic material and uptake during (micro)biological processes further alter stream water chemistry (Neill et al., 2006) .
In addition to the aforementioned natural factors, human activities may also have a large impact on water quality. Stream water chemistry can be altered directly through the addition of nutrients and pollutants to soils and water bodies, but also indirectly through land management practices that alter primary productivity, infiltration rates, flow paths, erosion of land surfaces, sediment deposition in streams or biogeochemical processes. Human activities can therefore have a detrimental effect on nutrient cycling and water quality, but also on stream ecological functioning (e.g. Kilonzo et al., 2014; Maloney and Weller, 2011) .
Most of the research on stream water chemistry has been carried out in temperate zones, whereas much less is known about tropical regions, especially Africa. However, due to climatic and pedological differences, findings from temperate areas cannot simply be extrapolated to Africa. Moreover, in large parts of Africa land use and agricultural management practices, which are often characterised by low fertilizer use, differ markedly from temperate regions (Ometo et al., 2000) . A particular ecosystem that has received less attention in hydrological research is the tropical montane forest (Bruijnzeel, 2001) . Forests in this ecosystem are recognized for their high biodiversity and provision of ecosystem services such as clean drinking water (Martínez et al., 2009) , and as important carbon sinks (Spracklen and Righelato, 2014) . The geographical distribution of the tropical montane forest ecosystem is delimited by climate and elevation. Tropical montane forests are under threat through conversion to agriculture, as the generally cool and wet climate and fertile soils make such areas very attractive for agriculture. In spite of the regional importance of this ecosystem, the consequences of land use changes in tropical montane areas are still poorly understood.
The carbon (C) and nitrogen (N) cycles are closely linked to the hydrological cycle with stream water DOC concentrations strongly related to discharge patterns (Goller et al., 2006; Hope et al., 1994; Raymond and Oh, 2007) and flow paths (Boy et al., 2008; Wilson and Xenopoulos, 2008) . The transport and export of nitrogen is similarly controlled by hydrology (Mitchell, 2001) . Because land use change can alter hydrological processes, e.g. through reduction in mean transit time after conversion from forest to grassland (Roa-García and Weiler, 2010) , or changes in soil hydrological properties such as infiltration (Owuor et al., 2016) which might result in an increased contribution of overland flow to stream flow (Chaves et al., 2008; Neill et al., 2011) , land use changes can increase nutrient export or reduce concentrations through dilution.
Deforestation and land use change are considered important human drivers of changes in stream water chemistry with significant alterations observed after conversion from forest to agriculture or pastures in the Central Amazon, including elevated nitrate (NO 3 -N) loads or increased turbidity as a consequence of accelerated soil erosion in the Eastern Amazon (Figueiredo et al., 2010) and India (Singh and Mishra, 2014) . Other evidence suggests that large-scale (N 66-75%) deforestation causes higher total dissolved nitrogen (TDN) concentrations in the dry season in the Amazon due to loss of nutrient retention capacity of the soil and direct inputs from cattle and humans, especially around urban areas (Biggs et al., 2004) . A 1-year field study in a tropical rain forest in western Kenya found that dissolved organic carbon (DOC) exports rose by 153% after conversion to agriculture due to mobilization of organic C originally stored in the forest topsoil (Recha et al., 2013) . Studies, mainly conducted in the northern hemisphere, confirm that streams from catchments with a high percentage of agricultural land or wetlands have higher DOC concentrations than streams from forested catchments (e.g. Glendell and Brazier, 2014; Graeber et al., 2012b; Singh et al., 2015) .
Despite the evidence that land use plays a role in regulating concentrations of dissolved C and N, there is no agreement on the importance of land use compared to other catchment characteristics such as topography. Oni et al. (2014) observed very different patterns in DOC concentrations and loadings in two similar catchments, indicating complex interactions of seasonality and land use on DOC concentrations. Neff et al. (2013) demonstrated that elevation and topography influences NO 3 -N concentrations in the Great Smoky Mountains, USA, through increased rates of acid deposition, precipitation, base cation leaching and increased occurrence of steeper slopes with less well-developed soils at higher elevation (Neff et al., 2013) . Elevation changes are also linked to changes in temperature, which can affect the composition and activity of the soil microbial community and rates of mineralisation and primary productivity (Monteith et al., 2015; Nottingham et al., 2015) . In addition, soil types play an important role in controlling concentrations of N and DOC (Wohlfart et al., 2012) . Many studies conclude that there is no single controlling variable and in most cases stream water chemistry is a result of a combination of factors such as topography, land cover, geochemical reactivity, climate and catchment area (Chuman et al., 2013; Rothwell et al., 2010) .
This study focuses on the Mau Forest Complex, which is the largest remaining indigenous tropical montane forest area in Kenya. The forests are classified as Afromontane mixed forest dominated by a Tabernaemontana -Allophylus -Drypetes forest formation at lower altitude (Kinyanjui, 2010) , changing into montane bamboo forest above 2300 m elevation (Edwards and Blackie, 1979) . The Mau Forest Complex is the headwater area for twelve major rivers in western Kenya and is an important source of freshwater for approximately 5 million people living downstream (UNEP et al., 2008) . The area is also highly suitable for agriculture due to the high annual rainfall and well-drained deep soils (Krhoda, 1988) . Consequently, 25% of the forest was converted to agriculture between 1973 and 2013 (Swart, 2016) and it is believed to have led to significant decrease in water quality through increased nutrient and sediment loads (Kilonzo et al., 2014; Nyairo et al., 2015) , but thorough scientific evidence is lacking. Therefore, this study aims to estimate and explain the influence of land use, physicochemical and physical catchment characteristics, such as elevation, drainage density and topographical wetness index (TWI) on stream water chemistry in the Mau Forest Complex.
Methods

Study area
The study was located in the headwater area of the Sondu River, which originates in the South-West block of the Mau Forest Complex and drains into Lake Victoria. The South-West Mau is under human pressure through forest excisions, encroachment of smallholder farms into the forest, illegal logging, charcoal burning and poaching (Government of Kenya, 2009; Olang and Kundu, 2011) . Large parts of the forest have been converted to smallholder agriculture in the past decades (Baldyga et al., 2008) , while commercial tea plantations were established in the area in the first half of the 20th century (Binge, 1962) . The sampling sites selected for this study fall within the Chemosit River basin with an area of 1023 km 2 , a sub-basin of the Sondu basin ( Fig. 1a ). Elevation ranges from 2932 m on top of the Mau Escarpment to 1717 m at the outlet of the catchment. The geology in the area originates from the early Miocene (Edwards and Blackie, 1979) , with phonolites dominating in the lower part of the catchment, and phonolitic nephelinites in the upper part (Binge, 1962; Woolley, 2001) . A variety of Tertiary tuffs are found on the highest part of the Mau Escarpment (Jennings, 1971) .
The temperature in the study area is relatively constant throughout the year with a mean of 15.7°C at 2081 m elevation between 1990 and (Swart, 2016) . Precipitation gauges, sampling sites and catchments within the Chemosit basin are indicated on both maps. Labels refer to the sampling site and corresponding land use: NF = natural forest, SHA = smallholder agriculture and TTP = tea and tree plantations.
1996 (Ekirapa and Shitakha, 1996) . Daily minimum temperatures lie between 8 and 9°C throughout the year, while the daily maximum temperature ranges from 21°C in July to 25°C in March (Stephens et al., 1992) . The area experiences a bi-modal rainfall pattern, with the long rains occurring from April to July and the short rains from October to December. Mean annual precipitation between 1905 and 2014 was 1988 ± 328 mm, with highest rainfall generally occurring in April and May during the long rains (N 250 mm per month) and lowest in January and February during the dry season (b75 mm per month).
The Chemosit basin is dominated by three land use types: (a) natural forest (NF), (b) smallholder agriculture (SHA) and (c) commercial tea and tree plantations (TTP; Fig. 1b ). The natural forest is located between 1930 and 2470 m elevation. The eastern part of the forest, bordering an area of smallholder agriculture, is degraded through human encroachment. In total, N 25% of the forest cover in the South-West Mau was lost since the 1990s (Kinyanjui, 2010) , although forest cover is slowly increasing after eviction of settlers from this area in 2005 and 2006 (Chacha, 2015) . However, illegal activities such as logging, charcoal burning and grazing are still ongoing. The area of the forest neighbouring the tea plantations in the west is less degraded (Bewernick, 2016) , although the mentioned human activities also affect the forest on that side.
On the north eastern side of the forest, smallholder agriculture is prevalent, mainly consisting of small farms of up to 2 ha. People practice subsistence farming, growing maize, beans, cabbage and potatoes, interspersed with grazing areas and Eucalyptus spp. or Cypress spp. woodlots. Farmers apply up to 50 kg N ha −1 , depending on the crops they grow, although this can increase to 100-120 kg N ha −1 at smallholder farms where tea is grown. Riparian zones are often severely degraded, due to cultivation up to the river bank and access to the river for fetching water, washing clothes and bathing as well as watering livestock, predominantly cattle. In several places the natural bamboo vegetation in the riparian zone is replaced by small Eucalyptus plantations.
At a low altitude (b2100 m), an area of approx. 20,000 ha is covered by commercial tea plantations, some of which fall within the study catchment. Within this area, the commercial tea fields are alternated with Eucalyptus and Cypress plantations with an average ratio of 3:1 (tea:tree plantation). Riparian zones of up to 30 m distance from the river are maintained within the tea estates and consist of native vegetation. Aerial application of fertilizer in pellet form is carried out two to three times per year, with annual application rates of 150-250 kg N ha −1 depending on the soil fertility status of individual tea fields. Manure is applied manually on fields within the commercial estates where certified-organic tea is grown. Land use change occurs within commercial tea plantations, whereby tea fields are replaced by Eucalyptus and vice versa, depending on soil conditions. The area of commercial tea production is surrounded by smallholder farms, where tea is grown on small fields of b1 ha in addition to the common food crops.
Sites selection and sampling campaigns
Sampling sites were selected based on land use and accessibility. Initially thirteen sites were selected: five in the smallholder area (SHA1-5), five in the natural forest (NF1-5) and three within the commercial tea and tree plantations (TTP1-3; Fig. 1 ), covering a broad range of catchment sizes (4-103 km 2 ). Three sites were added in 2016: SHA2 and SHA3 were combined to form SHA7 after the confluence of the streams draining SHA2 and SHA3, and NF2 and NF3 to form NF6 to increase the number of sites with a catchment size N 40 km 2 . SHA6 was selected to include a smallholder catchment with size b10 km. No additional suitable and accessible TTP catchments could be identified within the study area.
In total five snapshot sampling campaigns were conducted during periods of baseflow, which coincided with the dry season: on 9-10, 12-13 and 23-24 February 2015, 16-17 February 2016 and 5-6
March 2016, with each campaign taking two days. Opportunities for sampling were limited, because a period of stable flow is required for the sampling (Grayson et al., 1997) . Daily and highly localised rainfall hinders sampling in periods other than the dry season, because it could result in sampling during rising or falling limbs of the hydrograph, reducing the comparability of the samples. Rainfall events were more frequent in the dry season of 2016 than in the dry season of 2015, further limiting the number of sampling campaigns. In February 2015, the 13 initially selected sites were sampled, while in 2016 all 16 sites were sampled. The route along sampling sites differed between 2015 and 2016 to avoid bias of sampling time. However, in both years all TTP catchments were sampled during the afternoon, whereas NF and SHA catchments were sampled in the morning and afternoon.
During all sampling campaigns, discharge was measured using the salt dilution method, whereby a known quantity of table salt (NaCl) mixed in a bucket with stream water was instantaneously released in the river (Moore, 2004) . Electrical conductivity (EC) was measured downstream at a 1-second interval, using a handheld data logger (Multi 3420, WTW Wissenschaftlich-Technische Werkstätten GmbH, Weilheim, Germany) equipped with an EC probe (TetraCon 925-3, WTW Wissenschaftlich-Technische Werkstätten GmbH, Weilheim, Germany). The sensor also measured stream water temperature. The resulting time-concentration curve was used to calculate discharge (Moore, 2004) . The quantity of salt and distance between salt release and EC measurement (20-100 m) was determined on site based on visually estimated discharge to ensure proper mixing of the salt with stream water. Specific discharge was calculated using the equation:
where Q s is specific discharge in m 3 ha −1 day −1 , Q m is the measured discharge in m 3 s −1 and A is the catchment area in km 2 . A factor of 864 was included to convert the units from m 3 km −2 s −1 to m 3 ha −1 day −1 . Stream water samples were filtered using a syringe and 0.45 μm polypropylene filter (Whatman Puradisc 25 syringe filter, GE Healthcare, Little Chalfont, UK or KX syringe filter, Kinesis Ltd., St. Neods, UK) and stored in clean 125 ml HDPE bottles with screw cap. The samples were immediately stored in a cooler box with ice and frozen on return from the field. All samples were analysed in the lab of Justus Liebig University Giessen, Germany for DOC and TDN (TOC cube, Elementar Analysensysteme GmbH, Hanau, Germany), as well as NO 3 -N (ICS-2000, Dionex, Sunnyvale CA, USA). Dissolved organic nitrogen (DON) was estimated by subtracting NO 3 -N from TDN, assuming that NO 3 -N was the dominant form of dissolved inorganic N. Four sites were sampled four times during baseflow and samples were analysed for both ammonium (NH 4 -N) and NO 3 -N. NH 4 -N concentrations were found to be negligible, probably due to missing point source pollution or any intensive farming activities. In 4 out of 77 samples, measured NO 3 -N values exceeded the TDN values, which is a common problem with this method of DON estimation when the DIN:TDN ratio is high (Graeber et al., 2012a) . In these cases, DON concentrations were set to zero. In addition, two values for NO 3 -N were discarded based on improbability of the values compared to other results and identification as outliers by Grubbs' test (p b 0.05). For NF6 and SHA7, which are both combinations of two smaller catchments, parameters for campaigns 1-3 were estimated by combining the data from NF2 and NF3, and SHA2 and SHA3, respectively. The data obtained during campaigns 4-5 confirmed that this is a reasonable estimate.
Explanatory variables
Data on stream water temperature and specific discharge were collected during the field campaigns as described above. Precipitation in the six weeks before each sampling campaign was calculated using precipitation data recorded at 10-minute intervals using six tipping buckets (Theodor Friedrichs, Schenefeld, Germany) and two weather stations (Decagon Devices, Meter Group, Pullman WA, USA) within the Chemosit basin ( Fig. 1 ). Total precipitation for each catchment was estimated by weighing the data from each station using Thiessen polygons.
Data on catchment characteristics (Table 1) were collected from GIS sources. The categorical variable land use was obtained from a land use classification analysis for the Mau Forest complex, using LandSat imagery from 2013 (Swart, 2016) . Tree cover was calculated from a raster dataset on forest cover in the area in 2016 and includes primary and secondary forest, shady forest in mountain ridges and tree plantations (Bewernick, 2016) . The 30 m resolution of the LandSat imagery was not sufficient to map single trees or small woodlots on farms.
All data on topography and drainage network were derived from a 30 m SRTM digital elevation model (USGS, 2000) . Elevation data was obtained directly from the SRTM DEM. Catchments were delineated using the Spatial Analyst toolbox in ArcMap 10.2 (Environmental Systems Research Institute, Inc. (ESRI), Redlands, California, USA). These were used to calculate catchment area and drainage density for each catchment. SAGA GIS (Conrad et al., 2015) was used to delineate the stream network and to calculate Topographical Wetness Index (TWI). TWI is an index developed for the prediction of wetness patterns within a catchment, based on upslope contributing area α and slope tan β derived from commercially available topographic data (Beven and Kirkby, 1979; Rodhe and Seibert, 1999) :
Both α and tan(β) were derived directly from the DEM and used to calculate TWI with the Topographical Wetness Index module in SAGA GIS. The results were then normalised to range from 0 to 1.
Statistical analysis
All variables were tested for normality using Q-Q plots and the Shapiro-Wilk test (p b 0.05). DOC, TDN, NO 3 -N concentrations, specific discharge, precipitation and tree cover showed a significant deviation and were therefore log-transformed.
ANOVA and Tukey's HSD test were applied to test for significant differences (p b 0.05) in stream water concentrations for catchments with different land use. SHA3-5 were excluded from the analysis because of the different underlying geology. Pearson's correlation coefficients were calculated to identify the strength and direction of significant relationships (p b 0.05) between the dependent and explanatory variables.
Stepwise-forward linear regression was used to quantify the effect of all continuous explanatory variables on water quality. Tree cover (%) was included in the analysis as a proxy for the categorical variable land use. To avoid overfitting the model, variables with p N 0.01 were excluded from the model as having no significant influence on the water quality parameter. The Variance Inflation Factor (VIF) was used to assess multicollinearity between variables included in the model. A variable was considered highly collinear if the VIF N 10 (O' Brien, 2007) and was consequently excluded from the model. We report adjusted R 2 as a measure of explanatory power of each model. All statistics were carried out with R 3.2.1 (R Core Team, 2015).
Results
Stream water chemistry across catchments
Highest stream water electrical conductivity (EC) values were observed in the catchments dominated by smallholder agriculture (SHA), followed by commercial tea and tree plantations (TTP) and the natural forest (NF; Table 2 ; p b 0.01). Stream temperature varied between 12.0 and 21.7°C, with the lowest temperatures recorded in the morning around 7 a.m. and a highest around 2 p.m. Stream water temperatures in the NF catchments were significantly lower (p b 0.01) than in the TTP catchments. However, temperatures in NF and SHA as well as in SHA and TTP did not differ significantly (p = 0.219 and p = 0.354, respectively).
Specific discharge was lower for SHA catchments than for NF and TTP catchments (p b 0.001). Overall, baseflow specific discharge values were lower during the campaigns of 2015, with a mean of 2.07 ± 1.15 m 3 ha −1 day −1 in 2015 compared to 5.84 ± 4.50 m 3 ha −1 day −1 in 2016. This is most likely due to more rainfall in the period preceding the samplings campaigns in 2016.
The TTP catchments were characterised by the highest stream water TDN and NO 3 -N concentrations (Fig. 2) . Minimum values in the three TTP catchments were up to 4 times higher than the maximum values in all other catchments (Table 2) . NF catchments showed the lowest stream water TDN and NO 3 -N concentrations. Concentrations of both solutes also differed between catchments dominated by the three different land uses (p b 0.001). Conversely, DOC concentrations in the TTP catchments were significantly lower (p b 0.001) than in NF and SHA catchments ( Fig. 2 ; Table 2 ). DON concentrations were similar across all catchments (p = 0.738). Stream water chemistry for all sites sampled in February 2015 and February/March 2016 (n = 5 for all sites, except SHA6 with n = 2) in the South-West Mau, Kenya. Range is presented for concentrations of dissolved organic carbon (DOC), total dissolved nitrogen (TDN), nitrate (NO 3 -N), dissolved organic nitrogen (DON), electrical conductivity (EC), stream temperature and specific discharge. Mean ± SD of these variables is given in parentheses for all sampling sites of the same land use. Different superscripts for the means of each parameter indicate significant differences (p b 0.05) between sites grouped by land use (NF = natural forest, SHA = smallholder agriculture, TTP = tea and tree plantations). The total amount of precipitation was calculated for a period of six weeks preceding each sampling campaign (1-5). 
Correlation between variables
DOC concentrations showed a negative correlation with specific discharge and tree cover (%) ( Table 3) , a strong positive correlation with elevation and area, and a weak positive correlation with TWI. Significant correlations between the explanatory variables and TDN and NO 3 -N were similar in direction and magnitude, except for catchment area, which was correlated only with NO 3 -N. This similarity can be explained by the high correlation between TDN and NO 3 -N (r = 0.894; p b 0.001). The strongest correlation was found between TWI and both TDN and NO 3 -N. DON was only significantly correlated to specific discharge and precipitation.
Explaining stream water chemistry
A model including area, precipitation in the six weeks before the sampling campaign, specific discharge, TWI and drainage density explained 70.3% of the variation in DOC concentrations (p b 0.001; Table  4 ). The most important variables were catchment area and specific discharge, which together explained 59.1% of the variance (Fig. 3) .
Elevation and tree cover were both included in the models predicting TDN and NO 3 -N concentrations in stream water. Whereas these are the only selected variables for TDN, explaining 78.2% of TDN variation (p b 0.001), stream water temperature, area and specific discharge were also included in the model for NO 3 -N. However, elevation and tree cover were also the most important variables for NO 3 -N, explaining 12.5 and 47.3% of the variation, respectively. Precipitation, specific discharge and tree cover explained 53.1% of variation in DON concentrations (p b 0.001), but the contributions of tree cover (3.6%) and specific discharge (4.8%) are very small compared to precipitation (46.7%).
Discussion
Variation in DOC
The DOC concentrations in our natural forest (NF) and smallholder (SHA) catchments are similar to those found in the tropical montane forests in the Aberdare Mountains in central Kenya (Bouillon et al., 2009) , the forest and agricultural areas in the Transmara block of the Mau Forest Compex (Masese et al., 2017) , and in the tropical rain forest and catchments dominated by maize cultivation in western Kenya (Recha et al., 2013;  Table 5 ).
Despite the similarity with values found in other Kenyan case studies, DOC concentrations in our forest catchments (1.53 ± 0.43 mg l −1 ) were lower than those measured in small headwater catchments in a tropical montane forest in Ecuador (Goller et al., 2006) , and in Peru (Saunders et al., 2006;  Table 5 ). This difference could be related to sampling conditions, since our values represent baseflow, while the concentrations reported by Goller et al. (2006) and by Saunders et al. (2006) represented different flow conditions throughout the year. Similar to our study, Goller et al. (2006) found that stream water DOC concentrations were positively related to rainfall, potentially through flushing of soluble organic compounds from the organic layer, which can explain the higher values found in their study. Furthermore, the catchments in our study were on average N 10 times larger, suggesting a longer transit time and therefore a higher possibility for sorption of DOC to soil particles before reaching the stream, resulting in lower stream concentrations. However, this contradicts the results of our multiple regression analysis, which showed a strong positive effect of catchment area.
The negative effect of discharge on DOC in our study cannot be attributed to dilution by rainfall, because sampling was carried out during baseflow. The effect observed here most likely reflects land use, because the lowest specific discharge was found in the SHA catchments, which exhibit the highest DOC concentrations, whereas higher specific discharge and lower DOC concentrations were found in the TTP catchments. Reduced infiltration rates were observed in croplands (40.5 ± 21.5 cm h −1 ), pastures (13.8 ± 14.6 cm h −1 ) as well as commercial tea plantations (43.3 ± 29.2 cm h −1 ) compared to natural forest (76.1 ± 50.0 cm h −1 ) in our study area (Owuor et al., in review) , which could result in lower specific discharge during baseflow, due to decreased replenishment of groundwater during the wet season. Furthermore, the SHA catchments received on average 52.9 ± 15.7% and 57.0 ± 11.7% less precipitation in the six weeks before each sampling campaign than NF and TTP catchments, respectively.
Despite the significant negative correlation between DOC concentrations and tree cover, only the commercial tea and tree plantation (TTP) catchments had significantly lower DOC concentrations (p b 0.05). Most of the biomass produced in the TTP catchments is harvested (both tea and timber) and is therefore not available for decomposition and eventual export as DOC in the streams, which could explain lower DOC concentrations in the TTP catchments. However, a catchment dominated by an agro-forestry cacao plantation in northeast Brazil showed higher DOC concentrations (4.1 mg l −1 ) compared to tropical sub-montane forest (2.6 mg l −1 ) during baseflow (Da Costa et al., 2017) . Also Brazilian catchments dominated by sugar cane production exhibited higher DOC concentrations (2.23-3.44 mg l −1 ) than catchments with natural Cerrado savannah or Eucalyptus plantations (1.38-1.71 mg l −1 ) (Da Silva et al., 2007) . This could be due to soil management practices such as ploughing or harvesting that stimulate mobilization of the organic C pool in the soil (Nosrati et al., 2012) . Less shading of streams in the SHA catchments due to degraded riparian vegetation could lead to increased in-stream productivity as an effect of higher light-availability for primary producers. Furthermore, the SHA catchments receive manure inputs due to livestock watering, whereas this is not the case in the NF and TTP catchments. Direct inputs from livestock drinking from the streams or disturbance of river banks and stream bed sediment through human and animal activity could have resulted in higher DOC concentrations in the SHA catchments during baseflow.
TWI was negatively correlated to DOC concentrations. High TWI values are indicative of shallow groundwater table and higher soil moisture (Rodhe and Seibert, 1999) . Therefore, areas with high TWI can represent wetland areas that can act as source of DOC, since waterlogged or poorly drained soils are usually rich in DOC (Kalbitz et al., 2000) . However, the negative relationship between TWI and DOC found here, contradicts the common finding that wetland areas significantly increase DOC concentrations in streams (Chapman et al., 2001; Monteith et al., 2015) . The range of TWI values for all catchments was very narrow, which could also explain why the expected positive correlation was not found. Moreover, as water samples were taken during dry season, the effect of wetlands was potentially limited due to a lack of hydrological connectivity.
Because TWI is strongly negatively correlated to slope (r = −0.959, p b 0.05), it is also possible that the significant effect is caused by a positive effect of slope rather than a negative effect of TWI itself. Steeper slopes often promote overland flow, especially in managed catchments, which could be an important source of DOC in stream water. However, the range of mean slope values was small (7.43%-13.5%) and such effect would not be visible during baseflow.
Soil type and texture have been found to be relevant predictors of instream DOC concentrations. Billett et al. (2006) identified, for example, that soil C stocks are related to DOC concentrations in stream water, though the relationship is complex and does not hold in small catchments. Since stocks of soil organic carbon (SOC) were higher in forest soils compared to agricultural soils in neighbouring part of the Mau Forest (Were et al., 2016) , this could explain the higher DOC concentrations in streams in the NF catchments than in TTP catchments. We also noticed that catchments with mollic Andosols as dominant soil type (SHA3-5) showed significantly higher DOC concentrations (p b 0.001) than the catchments dominated by humic Nitisols when controlling for land use. Both soil types, but especially Andosols, are characterised by high organic matter content. These soils also contain iron (Fe 2+/3+ ) or aluminium (Al 3+ ), which strongly bind organic matter, making the organic matter difficult to mobilize. However, increased mobilization and loss of soil organic carbon from forest soils converted to agriculture is commonly found in Andosols (Covaleda et al., 2011; Were et al., 2013) , which could lead to increased DOC concentrations in stream water. This implies a potential role of soil type or geology on stream water DOC concentrations. More data on soil organic matter content, C and N stocks are required to confirm this hypothesis, but this data was not available for our study area.
Variation in dissolved nitrogen fractions
Total dissolved nitrogen (TDN) concentrations in the NF catchments were higher than found in tropical montane forest in Kenya and Ecuador (Goller et al., 2006) , whereas the values found in SHA and TTP catchments were lower than in agricultural areas in the Mara Basin, Kenya (Masese et al., 2017  Table 5 ). Conversely, nitrate (NO 3 -N) concentrations in smallholder areas in the Eastern Mau (Mokaya et al., 2004) and Mara River Basin, Kenya (Kilonzo et al., 2014; Nyairo et al., 2015) were slightly lower than in our SHA catchments. The mean NO 3 -N concentration in the TTP catchments was in the range of values found in stream water of a catchment dominated by commercial tea plantations in Nandi, Kenya (Maghanga et al., 2012) . NO 3 -N concentrations in the natural forest were high compared to values observed in tropical montane forests elsewhere, whereas dissolved organic nitrogen (DON) concentrations were similar (Table 5) .
Dissolved organic N has been neglected in water quality research for a long time, the focus being on inorganic N forms such as ammonium and particularly NO 3 -N, which usually dominate N exports from temperate areas in the Northern Hemisphere (Breuer et al., 2015; Perakis and Hedin, 2002; van Breemen, 2002) . Similar to our results, many studies show higher contributions of DON to TDN in natural catchments compared to managed catchments, e.g. 16.7% in natural forest compared to 7.6% in smallholder catchments in the Mara Basin, Kenya (Masese et al., 2017) and 20.4% in tropical rainforest versus 2.1-13.4% in maize cultivated catchments in western Kenya (Recha et al., 2013) .
Our study found that elevation and tree cover explained 78.2% and 59.8% of the variance in TDN and NO 3 -N concentrations in stream ⁎⁎ p b 0.01. ⁎⁎⁎ p b 0.001. Fig. 3 . Percentage of variation in dissolved organic carbon (DOC), total dissolved nitrogen (TDN), nitrate (NO 3 -N) and dissolved organic nitrogen (DON) explained by the different variables included in the multiple regression models, based on partial R 2 . ST = stream temperature, SD = specific discharge, PR = precipitation, EL = elevation, CA = catchment area, DD = drainage density, TWI = Topographical Wetness Index and TC = tree cover. water, respectively. Elevation probably indicates an effect of land use, since the land use types in the studied catchments were highly stratified by elevation. The inclusion of tree cover is also a strong indicator that land use plays a major role in determining stream water TDN and NO 3 -N concentrations, since the three land uses studied here have distinctively different mean tree cover (NF = 97.6 ± 1.4%, SHA = 4.5 ± 2.4% and TTP = 28.5 ± 9.7%, p b 0.001). Furthermore, areas under high tree cover receive less or no fertilizer compared to crops and tea plantations. Commercial tea fields receive 4-10 times more N ha −1 than smallholder agriculture, although the difference is less (1-3 times) for smallholder farms where tea is grown, and the natural forest does not receive any fertilizer inputs. This is likely to result in differences in N inputs to surface water and thus higher TDN and NO 3 -N concentrations.
The land use effect observed in this study agrees with findings of a study in southwest China, where catchments dominated by rubber plantations depicted higher TDN and NO 3 -N concentrations compared to rainforest catchments (Li et al., 2016) . Furthermore, Biggs et al. (2004) found up to 4 times higher TDN concentrations in deforested catchments in the Brazilian Amazon, with the effect being strongest in catchments with N 66-75% deforestation. Conversion of montane forest to coffee plantations increased NO 3 -N concentrations from 1.4 to 3.7 mg N l −1 (Martínez et al., 2009 ). An exception to this is conversion of forest to pasture, which often leads to a reduction in NO 3 -N concentrations in stream water (e.g. Martínez et al., 2009; Neill et al., 2001) .
Despite a significant difference (p b 0.005) in DON contribution to TDN in stream water between land use types, with contributions up to 72% in the NF catchments, DON concentrations were similar in all three land use types. This agrees with findings by Gücker et al. (2016b) in a transition zone between the Brazilian Cerrado savanna and the Atlantic rain forest in Brazil, Neill et al. (2001) in the Brazilian Amazon and Recha et al. (2013) in Kenya. Nevertheless, the stepwise linear regression model included percent tree cover as significant variable, although it only explains 3.6% of the variation in DON concentrations. Tree cover could affect DON concentrations through differences in quantity, quality and composition of organic material in the litter layer and soil compared to tea and crop cover, which would influence the availability of DON for export in stream water.
We found a positive relationship between NO 3 -N concentrations and specific discharge, which is most likely related to land use, as was suggested in Section 4.1 for DOC concentrations. However, specific discharge negatively affected DON concentrations. Due to the lack of difference in DON concentrations between the three land uses, it is unlikely that this reflects a land use effect. Furthermore, 46.7% of the variance in DON concentrations was explained by precipitation in the six weeks preceding the sampling campaigns, suggesting an influence of precedent wetness conditions in the catchments on DON concentrations in the stream. The negative effect of both specific discharge and precipitation indicates that dryer conditions stimulate DON export. Zhang et al. (2016) found that DON concentrations in soil and stream water are strongly related across different climates. This implies that DON concentrations in the soil are also higher under dry conditions, which could be a consequence of reduced mineralization of organic matter.
Stream water temperature is known to have a positive effect on organic matter decomposition, ammonification and nitrification, i.e. the source process of NO 3 -N (Warwick, 1986) , which could explain the positive result and correlation between NO 3 -N concentration and stream water temperature. Diurnal variations in parameters such as solar radiation and stream temperature can also cause diurnal variation in stream solute concentrations, through influence on in-stream processing of these solutes. This occurs especially in shallow, less-shaded streams (Nimick et al., 2011) . Diurnal variation will therefore be more pronounced during baseflow. Since all TTP sites were sampled in the afternoon, this could have resulted in a significantly higher mean stream water temperature in these catchments compared to other sites and thus also higher NO 3 -N concentrations through organic matter decomposition. However, it is more common to observe lower NO 3 -N concentrations in the afternoon, due to enhanced uptake for in-stream photosynthetic activity (Rusjan and Mikoš, 2010) . The coincidence of afternoon sampling of TTP catchments with significantly higher stream water temperatures and higher NO 3 -N concentrations, could also explain the positive relationship with stream temperature. Nevertheless, NO 3 -N concentrations and stream water temperature also show a significant positive relationship for the TTP catchments alone (r = 0.678, p b 0.05). Shading of the streams by riparian forests is unlikely to have affected stream temperatures in this study, because mean stream water temperature in the SHA catchments, with the most degraded riparian forests, was not significantly different from the mean temperatures found in the NF and TTP catchments (p N 0.05). Furthermore, stream water temperatures in well-shaded NF catchments and less-shaded SHA catchments were similar for sites sampled at the same time of the day.
Interactions between the C and N cycles
Despite the distinctly different drivers for DOC and dissolved N fractions observed in this study, the C and N cycle are not completely independent. Several studies in temperate regions observed a significant positive relationship between DOC and DON (Chapman et al., 2001; Hood et al., 2003; Kaushal and Lewis, 2003; Willett et al., 2004) , but our data showed no correlation between the two variables (r = 0.06, p N 0.05). This could be a result of the low use of N fertilizer and the tendency of soil N mining in our study area (Zhou et al., 2014) or different relationships between the two fractions in catchments with different dominant land use. Nevertheless, both dissolved organic C and N concentrations were more influenced by natural than anthropogenic drivers.
Other interactions between the C and N cycles are related to the N inputs and its effect on primary productivity. Nosrati et al. (2012) mention increased organic matter production, utilization of organic fertilizers and increased in-stream productivity due to increased nutrient input as potential causes for such increases in stream water DOC concentrations. It is unlikely that increased nutrient inputs to the stream affected in-stream DOC production and thus DOC concentrations in our study area, because the TTP catchments with the highest nutrient inputs showed lowest DOC concentrations in stream water. On the other hand, there is also evidence that increased soil N-inputs decrease DOC release rates in the soil due to increased microbial metabolism (Gundersen et al., 1998) , although results of lab and field studies are not consistent (Kalbitz et al., 2000) . This potentially results in reduced stream water DOC concentrations catchments with high fertilizer inputs, which could be a reason for the lower DOC concentrations observed in the TTP catchments. If this mechanism applies here, it implies that DOC concentrations are indirectly affected by land use as well.
Implications for downstream regions
The Sondu river basin studied in this paper eventually discharges into Lake Victoria, which is largely N limited. Since 22%-32.7% of all N inputs to the lake are from riverine origin, large-scale changes in land use could lead to a significant increase in N inputs (Scheren et al., 2000; Zhou et al., 2014) . However, despite the significantly higher TDN and NO 3 -N concentrations found in non-forest catchments, the effect of land use in the headwaters on the concentration of these solutes downstream is most likely reduced through mixing of water from other catchments. A simple estimation of solute concentrations at the outlet of the Sondu basin, using means of specific solute loads and specific discharge weighted by relative catchment area covered by the three land use types (23% for forest, 68% for smallholder agriculture and 9% for commercial tea and tree plantations, based on the 2013 land use map) reveals that estimated TDN and NO 3 -N concentrations during baseflow (0.90 and 0.74 mg N l −1 , respectively) are similar to those of the SHA catchments. Although this is a coarse estimate, it suggests that areas 527 S.R. Jacobs et al. / Science of the Total Environment 603-604 (2017) 519-532 Table 5 Studies reporting concentrations for dissolved organic carbon (DOC), total dissolved nitrogen (TDN), nitrate (NO 3 -N) and dissolved organic nitrogen (DON) in Kenyan headwater streams, tropical montane forest streams and selected tropical lowland forest streams (and paired catchments with different land use) worldwide. Values represent reported mean (±SD when available) concentrations. When means for several catchments with the same land use were reported, the range of means for that particular land use is given instead.
Source
Location with higher N-export are buffered by the low N-export from forested areas, as long as a substantial forest area remains. Biggs et al. (2004) observed, for example, that TDN concentrations increased in catchments with N 66-75% deforestation. Reduced baseflow and precipitation as consequence of large-scale deforestation (Lawrence and Vandecar, 2015) could also reduce this buffering effect. Further deforestation of the South-West Mau would therefore increase TDN and NO 3 -N concentrations during baseflow. The results of this study cover baseflow conditions only, which occur two to three months per year. During high flow, solute concentrations can increase through mobilization of solutes stored in the topsoil (Creed and Band, 1998) and overland flow, or decrease through dilution. In case of increased mobilization, the difference in TDN and NO 3 -N concentrations between the land use types can be amplified during storm flow, because of higher N-availability through fertilizer inputs. Conversely, dilution by increased discharge in combination with mixing with water from forested catchment could further reduce the land use effect on the scale of the Sondu basin. However, the lack of reliable knowledge on the behaviour of nitrate and discharge within the Sondu basin, does not allow extrapolation of our results to periods of stormflow.
Conclusions
This study found a significant effect of land use on TDN and NO 3 -N, which agrees with results of many other studies, emphasizing the importance of good land management to reduce N inputs and risks to surface water eutrophication.
Although we found lower DOC concentrations in the tea catchments and a small but significant effect of tree cover on DON, it appears that DOC and DON fractions were more controlled by natural factors than by land use. Both fractions showed an influence of hydrological regime through precipitation and specific discharge, whereas catchment area, topographical wetness index and drainage density were also important drivers for DOC concentrations. Although both models explain the majority of variation in DOC and DON concentrations in stream water, the inclusion of soil properties, such as soil organic matter content and C and N stocks, could increase model performance for both fractions, since many studies identified these as relevant predictors. However, this information was not available for our study area at the time. In addition, sampling throughout different seasons could further increase our understanding of the role of land use versus physical catchment characteristics and weather variables in determining water quality, because a potential effect of variations in dominant flow paths might be observed.
Some previous studies in East Africa looked at anthropogenic effects on water quality. This study is the first that looks into the role of land use and other catchment characteristics on concentrations of dissolved carbon and nitrogen. These results can help to unravel the complex relationships between these drivers and to identify areas of research that will increase our understanding of the processes behind nutrient cycling in these tropical environments.
